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In eukaryotic cells, the effects of hormonal or nerve stimulation are mainly mediated by two intracellular second messengers, namely cyclic AMP and Ca2+. For instance, adrenaline (epinephrine) effects on cardiac muscle are best explained in terms of occupancy of sarcolemmal 8-adrenergic receptors, activation of adenylate cyclase and cyclic AMP synthesis. Since contraction is triggered by the increase in cytosolic Ca2+ concentration from 0.2pM to 1OpM (Marban et al., 1980) , cyclic AMP-dependent protein kinase, dissociated and activated by cyclic AMP, must act on Ca2+ fluxes through phosphorylation of either the Ca2+ pumps or channels or other proteins that promote activation or inhibition of the former. Ca2+ ions act only through binding to some of the members of the intracellular calcium-binding protein family, namely calmodulin and troponin C.
Cyclic A MP-dependent protein kinase
This key enzyme is made of regulatory and catalytic subunits (Krebs & Beavo, 1979) . The primary structure of the catalytic subunit has recently been determined (Shoji et al., 1981) . Two autophosphorylation sites were found at the middle of the molecule and at its C-terminus, on a threonine and a serine residue respectively (Shoji et al., 1979) . The phospho groups turn over rather slowly and are still present in the isolated enzyme (Peters el al., 1977) . A remarkable feature of the protein is the contrast between the highly ordered a-helical N-terminal third of the molecule, and the random C-terminal third. The central part is best described in terms of three repeated subdomains: /3aa-/laa-/laa Phosphorylation sites occur at the end of /3-sheets, just before a &bend.
Calmodulin, the calcium-dependent regulator
Most of the Ca2+ effects in eukaryotic cells are mediated by calmodulin, which, in the presence of micromolar Ca2+, binds to, and activates, target enzymes such as myosin-light-chain kinase or phospholamban kinase (Cheung, 1980; Means & Dedman, 1980; Klee et al., 1980) . Troponin C and parvalbumin were found incapable of replacing calmodulin in the activation of myosin-light-chain kinase (Walsh et al., 1980) . We have recently shown that the trimethyl-lysyl residue found in position-1 15 of the primary structure (Watterson et al., 1980) is not required for myosin-light-chain-kinase activation (Molla et al., 198 l) , and therefore does not account for the potency and specificity of calmodulin. (Table l) , and Mg2+ effects on Ca2+ binding become minimal at physiological ionic strength (Haiech et al., 1981) . The sequence of ion binding was determined by using Tb3+ binding to both ram testis and octopus calmodulins (Kilhoffer et al., 1980a,b) . The latter was shown to contain only one tyrosine residue at a position homologous with that of Tyr-138 of bovine brain calmodulin (Watterson et al., 1980) . Tb'+ (and presumably Ca2+) binds first to high-affinity domains I and 11, then to domain I11 and finally to the lower-affinity domain IV.
Calmodulin exists in at least three different conformational states, corresponding to 0, 2 and 3 4 bound Ca2+ ions, as shown by n.m.r. (nuclear magnetic resonance) (Seamon, 1980) , tyrosine fluorescence (Kilhoffer et al., 1980a,b) and c.d. (circular dichroism) . At the physiological concentration of K+, 1 5 O m~, Mg2+ has little effect, if any, on calmodulin conformation (Kilhoffer et al., 1981) .
Cyclic AMP-dependent phosphorylation of cardiac sarcolemma
Adrenaline is known to increase CaZ+ entry through the slow Ca2+ channel. Also, the main target of the pure catalytic subunit of cyclic AMP-dependent protein kinase is an integral protein of M , 23 OOO (Rinaldi et al., 198 1). Pure sarcolemmal vesicles have the capability, on partial depolarization, of transferring Ca2+ in an ATP-independent manner mimicking the slow Ca2+ current (Bartschat et al., 1980) . Interestingly enough, addition of MgATP and the catalytic subunit of cyclic AMP-dependent protein kinase enhances significantly Ca2+ entry in this system (Rinaldi et al., 1981) . This may perhaps suggest that phosphorylation of the 25OOO-M, protein activates the Ca2+ channel, thereby providing a mechanism by which adrenaline exerts its inotropic effect.
Dual phosphorylation of cardiac sarcoplasmic reticulum
Since the pioneering work of Kirchberger & Tada (1976) , the adrenaline-induced acceleration of cardiac relaxation is known to be accounted for by the cyclic AMP-dependent phosphorylation of phospholamban, the activator of the sarcoplasmic-reticulum calcium pump. Le Peuch et al. (1979) identified a membrane-bound Ca2+/calmodulin-dependent phospholamban kinase that phosphorylates phospholamban at a site that is distinct from the cyclic AMP-dependent one. Both sites are present in stoichiometric amounts, and the Ca*+-dependent phosphorylation, which per se activates the pump, is a prerequisite for the cyclic AMP-dependent stimulation of the rate of Ca2+ uptake. Such dual phosphorylation is also observed in perfused rat hearts (Le Peuch et al., 19800) . Phospholamban forms a tight complex with the CaZ+/Mg2+-ATPase (Le Peuch et al., 1980b) and with the catalytic subunit of phospholamban kinase.
Phospholamban kinase and phosphorylase b kinase exhibit the same substrate specificity. They differ, however, in that phospholamban kinase has an absolute requirement for exogenous calmodulin, is therefore inhibited by fluphenazine, but is not inhibited by antibodies elicited against phosphorylase b 
Conclusion
Ca2+ fluxes are modulated by very sophisticated regulatory mechanisms. Negative feedback in the individual Ca2+ pathway involves, for instance, the Ca2+-dependent phosphorylation of phospholamban, and the activation of the pump when the average Ca2+ concentration in the previous beats has been high. Another example is the prevention of contracture on adrenaline stimulation of the heart. The increased Ca2+ entry is balanced by an accelerated Ca2+ uptake by sarcoplasmic reticulum.
Sequential Ca2+ binding to calmodulin also affords the possibility, at least in theory, of sequential activation of different enzyme subsets (Haiech & Demaille, 1981) , i.e. of prevention of Ca2+-induced futile cycles. A scheme of the overall regulation of Ca2+ fluxes in cardiac muscle by cyclic AMP and Ca2+ is presented in Fig. 1 . Obviously, Ca*+-dependent phosphorylation of phospholamban and its dephosphorylation cannot occur within a single-beat time scale. This may be a device by which sarcoplasmic reticulum keeps the memory of the averaged CaZt concentration, i.e. of the force and frequency of the previous beats.
Calmodulin-dependent myosin-light-chain phosphorylation
In all muscle types, Ca2+ triggers myosin-light-chain phosphorylation by the calmodulin-dependent kinase, which appears to be very specific for the regulatory light chain (Adelstein & Eisenberg, 1980) . Myosin kinase activity is not modified by cyclic AMP-dependent protein kinase either in cardiac (Walsh et al., 1979; Wolf & Hofmann, 1980) or in skeletal muscle. In contrast, the smooth-muscle enzyme, either from gizzard (Adelstein e t al., 1978) or from aorta (Vallet et al., 1981) is inhibited by cyclic AMP-dependent phosphorylation. In nonmuscle cells, such as thymus (Scholey et al., 1980) or thyroid cells (Martin et al., 1981) , the myosin phosphorylation promotes assembly of myosin molecules into filaments and enhances the actom yosin Mg2+-dependent ATPase activity. The latter effect is also obvious in smooth muscle [see Adelstein & Eisenberg (1980) for a reviewl. Smooth-muscle contraction is therefore another example of concerted regulation by the two second messengers, cyclic AMP and Ca2+ ions.
